Abstruct -High pressure die casting (HPDC) process is normally referred as cold chamber process which slolves the materials problem by separating the molten metal reservoir from the actuator from most of the process cycle. In this process, the thermal effects of molten metal flow in the die are a major factor in determining casting surface quality, die life, and many internal quality parameters such as porosity. Therefore, development of an effective technology l o promptly evaluate the effect of changes in thermal process variables is vital to the quality control and improvement of productivity. In this work, image processing technology has been applied to analyse the thermal images. The information is correlated to thermal energy stored in the die to develop a thermal control system and improve the quality of castings.
I. INTRODUCTION
The quality of high pressure die castings is a function of many interdependent parameters. It has been observed that many defects detected in the HPDC castings can be tracked back to poor die temperature distribution in the critical areas. It has been therefore recommended that the development of a technique to directly control the critical features -making them less sensitive to thermal related parameters -be very beneficial to the HPDC industry.
High pressure die casting is a process in which a molten metal such as aluminium or magnesium is injected into alloy steel molds (or dies) under a very high pressure (-10,OOOpsi) and allowed to solidi@. It is a very popular metal forming process used in the automotive industry due to high production rates and low unit cost. The dies used in HPDC serve two basic functions: * : *
*3
To retain the desired shape of the casting To remove the heat from the molten metal in a reasonable amount of time As there are many heat flow paths available for the heat loss/transfer, the conventional approach to thermal management of dies is based on trial and error, and the experience of the operators and engineers. This exerts a School of Engineering and Technology, Deakin University, Geelong, Vic 3217, Australia 0-780~-6583-6/00/$10.00 0 2000 IEEE significant difficulty for the die designer to effectively explore the potential of cooling systems. Based on this, a combined experimentaVimage processing method will be developed to deliver useh1 information in a stable cycle for thermal control.
HIGH PRESSURE DIE CASTING
A high pressure die casting machine is normally composed of two major sections: a fixled section and a moveable section. This can be seen from Figure 1 in which the molten metal is pressed into the die through 2 shot sleeve with a piston when the moveable die has clamped on to the fvted die at a defined pressure.
A cycle to manufacture a casting can be divided into three phases: injection of molten metal and solidification, part extraction and spraying. During the solidification stage, the metal is fed into the die and kept in the die for a certain period depending on the size and shape of the casting. Following this, the casting is extracted with a robot, immersed in a water tank and then transported for trimming and quality inspection. The dies are sprayed with lubricant, water (and air) for die cooling and cleaning before the next cycle starts. The lubricant is added in a concentration of around 1:50 parts to water in order to increase the surface tension of the liquid, and a'llows for enhanced spread and heat removal. The internal cooling system at the solidification phase and the spraying stage are two critical processes to control the die: temperature.
However, die temperature during the whole casting process must be monitored and acc.urately controlled, as the quality of the casting is very sensitive to the variation in temperature. When the molten alloy is in the die cavity, the heat in the alloy should be removed to allow solidification and consequent cooling to occur. Here the die acts as a heat exchanger. There are a number of heat flow paths when the die is closed. As shown in, Figure 2 there are two main courses for this heat exchanger ie through the high conduction with the flowing water on both fixed and moveable dies. After the die is open, the water and lubricant spray is the majalr way to cool the die in addition to a small amount convection of heat flow through the air.
The additional role of compressed air is to drain off any excessive water, which mity cause porosity in the next casting.
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Moveable section Fixed section Figure 1 . Schematic of a high pressure die casting [ 11 Geometry of the casting is critical as it also determines the geometry of the die and consequently, the geometry of the heat exchanger. Longer cooling times are achieved by utilising heavy sections, distance fiom cooling lines, and shapes with large volume-to-surface-area ratios or large section modulus. Another critical effect of casting shape is the possibility of large difference in cooling times creating stresses within the die castings. If cooling stresses become too high under the rigid constrain of the die, hot tears and cracks can be resulted in.
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The rate of heat removal has to be designated at such a high level that cooling is significant even during the filling process. Therefore, superheat and latent heat are transferred to the die before the alloy is stationary. The metal remote from the gate will be partially solid before the end of the die filling. This transient heat flow results in more heat being transferred to the die near the gate. In addition, the passage of the cooling system is targeted to remove the heat from the hotter spots and therefore, the design of the layout and inlet/outlet are component related. 
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Iv. RESULTS AND DISC~JSSIONS
Proper thermal management of dies yields a higlner casting production rate and improved casting quality while improper die temperature causes a number of defects in the casting, including shrink porosity, poor fill, sold.erimg, stuck castings, etc [2]. However, die temperature is dlependent on a number of process variables such as cycle time, spray distribution and duration, water layout and flow rate, casting volume/geometry, and molten metal temperature and composition.
It is noted that there is a very complicated inter-relationship between the 150 or more variables involved in the HPDC process. To eliminate the effect of many variables and difficulty in determining effect of an individual variable, an experiment was conducted by just changing the cycle time.
According to a previous research [3], each of the three phrases, ie solidification, casting extraction and spraying, occupies one third of the cycle time. In the experiment designed in this work, the air spraying was eliminated resulting in reduction in the cycle time of around 8% which is a very significant reduction in cycle time for a process as it has already been previously optimised and is hlly automated. During the production of normal and trial castings, the die temperature was taken every three seconds, starting when the die was fully opened. A stationary thermal image camera was also used for both measurements in addition to the laser guns. Two typical images of the moveable die taken for both the normal and trail casting experiments are shown in Figure 3 . It can be seen that in the central area of the die, the temperature is higher than the surrounding areas as the heat is trapped q d coinduction to the ambient and water cooling pipes is slow. The marked difference between two images is that the highest temperature on the normal casting image is lower than that of the trail casting image.
A . Temperature Distribution
The metal temperature and consequently, the die temperature can affect surface defects; obviously, the hotter the metal and the die, the better the surface fmish, although the metal temperature is always limited by other factors [4] . In aluminum casting, for example, limits on high metal temperature come from flash, more oxide formation, greater sleeve and die erosion, soldering, shorter plunger life, difficulty in maintaining consistent temperatures and other problems.
The information of averaging three normal castings and five trial castings are compared (Figure 4 ). The temperature of the fixed die reduces after die is open. During the casting extraction, the fixed die cools down gradually due to the natural convection and radiation to the air (Figure 4 ). The rate of the temperature reduction is at a constant value of 2.6 OC/sec in both normal and trial tests. This indicates that without the cooling system, the die temperature decreases at the same rate (2.6 "C/sec) regardless of the initial die temperature.
However, it is interesting to fmd out that after the spraying starts, the temperature for both the normal and the trial castings reduces to the same level. This is probably due to the high speed of lubricant and water spraying which limits the internal heat to be released to the die surface. As there was no air spraying applied in the trial, the die temperature increases much faster. For the normal castings, the application of air spraying increased the natural convection and radiation and consequently the temperature remained nearly unchanged before rhe die closed (Figure 4 ). The colour images consisting of three colour planes -red, green, and blue -can be treated as three separate gray-scale images, which have 24 bits/pixel -8 bits for each of the three colour bands (R, G, B). The actual information stored in the digital image is the brightness information in each band. In these images, some steep changes in brightness in a small area could be detected by human vision system while some gradual changes are not easy to be observed due to the brightness adaptation that human vision system exhibits. Furthermore, it is impossible for human vision system to perform exact measurement of interest regions (areas) corresponding to specified temperature ranges. After analysis of the images and in particular high temperature regions, the method to segment those images into a few regions of interest can be applied by operating principally in the Green (G) -based images. A thresholding technique at different levels corresponding to designated temperature boundaries (ie 3OO0C, 200°C or 150°C) is used to segment images into three areas. This multilevel thresholding produces an 8-bit binary image based on a specified threshold range and the values of image pixels. For the thresholding operation, a low value and a high value are used to select a range of pixel values, which correspond to an interval of temperatures. Any pixel falling into the threshold range is set as background while other will be set as background.
Images of two experiments were processed using the above techniques for two die positions: the die is fully open and the die is about to close. These two images represent two extreme temperature conditions, which can be measured and controlled. They are the most critical temperatures to casting's quality. If the temperature at the die open is too high, the internal cooling system during the solidification should be enhanced for the overheating to be released. Too high a temperature of the die means that the casting is not cooled enough for the metal to be solidified which consequently, leads to the filling problem or higher porosity. Too high a temperature when the die is about to close also leads to the heat left from the previous cycle to be accumulated for the coming cycle, which then further increases the temperature when the die opens at the next cycle. Finally, the equilibrium will be achieved when the heat accumulated and released in one cycle is the same.
C. Analysis of the Result
If the steady state for an equilibrium is broken, therefore, a new equilibrium will be reached when the process conditions are changed. For the normal process of this experiment, the temperature at the moment of die opening is 359.5 "C while it is 269.6 "C after lubricant, water and air spraying ( Figure 5 ). If the air spraying is eliminated, the cycle time reduces about 8%. Due to the lack of air spraying and less period of die opening, the temperatures found in the trials, at both the die opening and closing are higher than those of normal process conditions. It is found that the temperature increases nearly 20 "C at the time when die is fully opened and about 27 "C when the die is about to close by It is hard to find out the heat difference between the two processes, ie. normal and trial, as indicated previously. If a reference temperature of 300 "C for the die opening and that of 200 "C for die closing is chosen, it is observed that the area for the temperatures above the reference temperature increases significantly (Table I) . Allhough the temperature increases only about 5.5% (19.7 "C) between the normal and trial castings when the die is fully open, the area where the temperature is over 300 "C increases dramatically with an increasing rate of 110.5%. However, such an increase results from only a temperature increase of 26.7 "C when the die is going to close.
Such an increase is not only due to the moderate increase in the temperature but also to the big area above the reference temperature of 262.9 "C (Table I and Fig. 7(b) ). If the Equations 1 and 2 were used to calculate the heat difference, it would be able to evaluate the contribution of the increase in both the temperature and area. As the thermal image taken in this work has not yet been correlated to the geometrical dimension of the casting or die, this analysis has not been undertaken but will be conducted and reported in the further.
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As the experiment in this work only eliminated the air spraying without changing any other operation variable(s), the contribution of air spraying can be clearly o'bserved. If the effect of more than one phrase is going to be evaluated, a more sophisticated model must be applied. 
D. Heat Calculation
It is known that the heat stored in a metal material is proportional to the temperature T and its volume V m ,
where K is a constant related to material properties.
If the temperature in a given volume varies with its position, Eq (1) becomes, However, the volume is a fimction of the area and the thickness. If the thickness for a temperature area is considered to be constant, E3q (2) becomes, where t v ) , A D m are the th.ickness and area of the die at a temperature of T, respectiv'ely. The die real area at the constant temperature T can be correlated to the area in the image (pixels). Therefor'e,
where to is the die thickness if it is constant for the whole about to close. It is found from Figure 8 that the heat index at lower temperature ranges is not changed much but the pattern of heat index at higher temperatures is much different for the casting processes before and during the trails. To eliminate the defects resulted from the high temperature and extra heat deposited in the die ie flash, more oxide formation, greater sleeve and die erosion, soldering etc, the areas with high temperature need to be identified and cooled with specifically designed spraying and cooling system. Actually it is the area of different temperatures, which needs to be precisely computed to accurately calculate the heat accumulated in the die after the elimination of the air spraying and reduction in cycle time. Figure 8 illustrates the distribution of the heat index from 140" (reference temperature) to the highest temperature of different images for the castings before and during the trail at two special positions ie when the die is fully open and 21.4 Table I1 lists the statistical information for Figure 8 . The heat increases 9.3% for the trail when the die is filly open while an increase of 21.4% when the die is about to close. The quality of all castings involved in the experiment has been checked including visual inspection of surface defects and X-ray detection of internal porosity. It has been found that there is no significant negative effect on the quality and all castings are acceptable to the customer. However, a further reduction in cycle time will lead to a significant increase in temperature and heat, and therefore, an appropriate approach to monitor and control the heat during the casting process is fundamental in the HPDC process.
V. CONCLUSIONS
The thermal images of a high pressure die casting processes have been analysed to provide information for temperature control and consequently, quality control of the casting. It is found that a change in the process and operation conditions ie., elimination of air spraying reported in this work defmitely leads to the breaking of heat equilibrium reached in a normal process. An approach of using the image processing technique to correlate the thermal image to the area of different temperatures has been developed. This technique will be a revolution to the die casting industry and will be a quantum leap in improving casting quality.
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